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Introduction
Seedling survival is critical in the restoration of many 
degraded ecosystems. Seedlings are very sensitive to cer-
tain conditions, these include; excessive light and extreme 
temperatures that may damage seedlings; strong, desiccant 
winds that may snap twigs and exacerbate water stress caused 
by low rainfall; and seedling’s green sprouts that may be 
grazed by cattle or wild fauna (Bainbridge 1994, Francisco 
and Pugnaire 2010, Padilla et al. 2011). Seedlings are gener-
ally unable to survive these conditions by themselves under 
disturbed or degraded environments. However, facilitative 
interactions between nurse species (objects) and target spe-
cies may ameliorate these threats (Holmgren and Scheffer 
2010, Kitzberger et al. 2000). Two types of facilitation have 
been identified (Bertness and Callaway 1994): (i) direct 
facilitation–a neighboring plant directly ameliorates the per-
formance of a target plant through mitigation of the physical 
environment (habitat amelioration); and (ii) indirect facilita-
tion–the net positive effect occurs only in the presence of a 
third organism, either another plant (competition release) or 
an animal (biotic refuge, associational avoidance or predation 
refuge) (Anthelmea and Michalet 2009).
Restoration practices of seedling transplantation in stress-
ful environments are often chancy due to low seedling surviv-
al rate. Several procedures, such as various artificial shading 
and natural plants shading have been developed to provide 
seedlings with better protection (Padilla et al. 2011, Rey-
Benayas 1998, Yang et al. 2010). Generally, most nurse spe-
cies are mature trees, shrubs and perennial plants. However, 
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grass, rocks and cacti could also be used as nurse objects 
(Drezner 2007). However given the merits of low cost, easi-
ness, and high efficiency, using a naturally occurring species 
as a nurse plant is by far the most common practice (Yang 
et al. 2009, Yang et al. 2010). In particular, in many open 
and arid landscapes, these nurse species could ameliorate the 
problems of water and light availability beneath their cano-
pies as well as create “islands of fertility” (i.e., patches of 
increased nitrogen availability) through the decomposition of 
leaf litter and the trapping of wind-blown litter from the sur-
rounding area (Cushman et al. 2010). Despite this, the nurs-
ing effectiveness of different successional species in moist 
subtropical environments has not been examined. 
In degraded moist subtropical environments, plants such 
as shrubs (Rhodomyrtus tomentosa, Melastoma candidum) 
and ferns (Dicranopteris dichotoma) are considered as pio-
neer species (Yang et al. 2010). Certain pioneer species have 
large canopies which can protect seedlings against damage 
from biotic (Anthelmea and Michalet 2009, Chaar et al. 
2008, Sharrow 2001) and abiotic factors (Bainbridge 1994); 
hence, a wide range of species have lower survival rates in 
open areas compared to canopy protected areas (Castro et al. 
2004, Gómez-Aparicio et al. 2004). This is due to the lack of 
buffering effects of shrub or tree nurse canopies which abate 
high radiation and evapotranspiration (Rodríguez-Calcerrada 
et al. 2008). Until recently, the facilitation of one succes-
sional stage by the preceding stage has been recognized, al-
beit underestimated, and several theories on succession have 
been demonstrated in a number of ecosystems (Brooker et 
al. 2008). For example, previous studies suggests that shade-
tolerant species and late-successional shrubs have a greater 
positive effect in response to nurse species compared to pio-
neer shrubs and shade-intolerant pine trees in forest ecosys-
tems (Gómez-Aparicio et al. 2004). Thus, restoration ecolo-
gists and land managers should take facilitation into account, 
not only because of the critical role of nurse species in restor-
ing the characteristics and functions of the original system 
(Bruno et al. 2003), but also because of its function of driving 
succession in many habitats, particularly in disturbed sites 
(Anthelmea and Michalet 2009, Brooker et al. 2008).
Forest restoration in degraded moist subtropical environ-
ments is particularly difficult because of resource unavailabil-
ity and the lack of native seed sources. These barriers result 
in self-perpetuating systems that hardly return to the structure 
and complexity of the original mature community (Duan et 
al. 2008, Ren et al. 2010). In addition, extreme temperature 
and irradiation in summer and droughts in the fall and winter 
may increase the uncertainty and complexity of the procedure 
of succession and restoration (Peng et al. 2005). Under these 
limiting conditions, pioneer species canopy could provide 
suitable micro-sites for seedlings survival and growth. 
In our previous published work, the shrub Rhodomyrtus 
tomentosa was found to facilitate seedling survival and 
growth of native climax woody species. The nursing effects 
depended more on canopy shade than on soil amelioration 
and was positively correlated with shade tolerance of the tar-
get species (Yang et al. 2010). However, previous research 
involving nurse species and target species has been restricted 
to a single nurse species and a few climax species, respec-
tively. Their effectiveness in improving the survival of differ-
ent successional-stage species in moist subtropical climates 
has not been examined. Thus, we introduced a dominant fern 
Dicranopteris dichotoma as a potential nurse species to as-
sess its contribution to enhancing early seedling survival and 
growth of a wide range of successional native trees common-
ly used in restoration programs in degraded moist subtropi-
cal regions of southern China. In this study, we transplanted 
the seedlings of six target species representing three differ-
ent succession-stages of south subtropical vegetation under 
the canopy of R. tomentosa and D. linearis and in an open 
area. We assumed that changes in microtopography have no 
effect on plant growth. Specifically, we tried to answer the 
following questions: (1) Do pioneer species enhance the sur-
vival and growth of different successional native trees? (2) 
Do pioneer species affect soil nutrients and light availability? 
(3) What causes the specific interactions between nurse spe-
cies and target species? We assume that (1) The two pioneer 
nursing species, Rhodomyrtus tomentosa and Dicranopteris 
linearis, have the potential of facilitating the survival rates 
and growth of native trees. Such influence might be related to 
certain subcessional-stage of the target plants; (2) The canopy 
treatments of the two pioneer species would substantially re-
duce the radiation reaching the soil surface and would in turn 
ameliorate the physicochemical characters of the soil under 
the canopies; (3) Given that canopy treatments cultivate spe-
cific micro-environment, the changes in environmental fac-
tors, especially radiation, might play a key role in determin-
ing the interaction mechanisms between nursing and target 
species.
Materials and methods
Study area and species
The study site was located at the shrubland site in the 
Heshan National Field Research Station of Forest Ecosystems, 
Chinese Academy of Science (112°50´E, 22°34°N), Heshan 
City, Guangdong, China. This station (ca. 40 ha) is one of 
the core stations of the Chinese Ecological Research Network 
(CERN) of the Chinese Academy of Sciences (CAS). The 
area has a south subtropical monsoon climate, characterized 
by hot wet summers and cool dry winters without severe cold. 
The mean annual temperature is 22.6°C, and the mean an-
nual precipitation is 1801.1 mm, which mainly occurs from 
May to September. Under these climate conditions, the poten-
tial vegetation is the low subtropical monsoon broad-leaved 
forest. Under continuous and extended human disturbances, 
a large portion of forest areas in this region have become a 
degraded shrubland slope. Shrub and herbaceous species, in-
cluding R. tomentosa, D. dichotoma, Melastoma candidum, 
Clerodendrum fortunatum and Ilex asprella have taken over 
most of the hilly land area. The zonal soil is laterite and was 
formed by desiliconization and aluminium enrichment. It is 
characterized by low content of required nutrients, lack of or-
ganic matter and high acidity (pH in water < 5.0). Our experi-
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ment site occupies about 2 ha in a typical degraded shrubland 
slope (Yang et al. 2010). 
Nurse species
R. tomentosa and D. dichotoma were selected as the nurse 
plants and were the dominant plants in our experimental site. 
R. tomentosa, as a pioneer shrub in the degraded shrubland 
slope, is an evergreen shrub growing up to 1-2 m tall and 
forming a cushion-shaped canopy (Ren et al. 2010). D. dicho-
toma is one of the most widely distributed ferns throughout 
the wet areas of the Old World tropics and subtropics and is 
intolerant to shade, drought and frost but tolerant to poorly 
drained and oligotrophic soils. This heliophilous fern is a pio-
neer species in primary successional sites such as lava flows, 
mountain ridges, precipices and taluses, and can also colonize 
secondary successional sites such as landslides, post-agricul-
tural sites, understory environment and degraded forest lands 
in India, Sri Lanka, Malaysia and China (Russell et al. 1998). 
In our experiment area, dense, extensive thickets 1.5-2 m 
high are formed using this fern.
Target species
The six target species are typical species belonging to three 
successional stages in the forest ecosystem in the study area 
and are as follows: Pinus massoniana Lamb (Pinaceae) and 
Schima wallichii (DC.) Korth. (Theaceae) (early successional 
tree species), Schefflera heptaphylla (L.) Frodin (Araliaceae) 
and Castanopsis hystrix (Fagaceae) (mid-successional tree 
species), Cryptocarya chinensis (Hance) Hemsl. (Lauraceae) 
and Castanea chinensis (Hance) (Fagaceae) (mature canopy 
late-successional tree species).
Experimental design 
The experiment was carried out from March 2010 to June 
2011. Around 1-year-old seedlings of the six target species 
were pit-planted under the canopy of R. tomentosa (R. tomen-
tosa treatment, RT), D. dichotoma (D. dichotoma treatment, 
DT) and in open interspaces without vegetation (open treat-
ment, OT). The experiment had a randomized block design 
(completely randomized design) with three treatments × six 
target species × three replicate plots. In total, 54 plots were uti-
lized in our study. In each plot, 30 individual target species and 
treatment were planted; a total of 1620 seedlings were planted. 
All seedlings were purchased from tree seedling nurseries and 
were grown for the first year in the nursery in 15 cm deep plas-
tic pots under similar conditions with same appropriate water-
ing and fertilization managements. The size and height of all 
seedlings were similar (height: 15-20 cm, depending on the 
species), except P. massoniana (height: 5cm). At the time of 
planting, R. tomentosa were about 2 m in height and 1.5 m in 
canopy radius, and D. dichotoma were about 1.5 m in height 
and 1 m in canopy radius.”  
In early September 2011, we continuously recorded the 
Photosynthetically Active Radiation (PAR) (LI-250 light 
meter: LI-COR, Lincoln, Nebraska, USA). At the end of the 
experiment, soil samples were collected from OT, DT and 
RT from each plot, respectively. To determine soil chemical 
characteristics, each soil sample consisted of 5 randomly se-
lected soil cores (5 cm diameter) from each plot. Air dried 
soil samples were passed through a 2 mm sieve to analyze 
soil pH, total soil nitrogen (N), total soil phosphorus (P), total 
soil potassium (K), soil organic matter (SOM), soil organic 
carbon (SOC), soil available phosphorus (AP) and soil avail-
able potassium (AK). For soil physical characteristics meas-
urements, soil samples were gathered from 5 intact soil cores 
taken randomly from each plot using ring knifes. Soil bulk 
density (SBD) and soil water content (SWC) were determined 
by weighing intact soil cores after they were oven-dried at 
105°C. Both soil chemical and physical characteristics were 
analyzed based on the Handbook of the Chinese Ecosystem 
Research Network (Liu 1996). 
The size of the seedlings was examined 10 days after 
transplantation as the initial values. First, survival rate was 
monitored in the middle of May. Afterwards the seedling size 
and survival were recorded in the middle of the tenth day of 
each month from August. In addition, seedling size was re-
corded for the five fixed individuals in each plot. The shoot 
height of the six target species under the three different treat-
ments was recorded for each plot. Subsequently, the relative 
neighbor effect index (RNE) was calculated on the basis of 
the shoot height to examine whether the effect of the nurse 
plant on the target species was positive (RNE < 0) or negative 
(RNE > 0) as follows:
    RNE = (So – St) / x;
where St and So are shoot height of DT or RT and OT plots 
respectively. x = St when St > So; x = So when So > St (Armas 
et al. 2004). 
At the end of the experiment, the five fixed individuals 
were harvested and the aboveground biomass and root bio-
mass were determined respectively. 
Light-response curves were generated for each species and 
different treatments for the wet seasons (September, 2010). 
The light-response curves were developed using near-ambi-
ent [CO2] of 400 μmol mol-1. Gas exchange was measured on 
one fully expanded leaf per individual plant on the southeast 
side of each species for the different treatments with a port-
able photosynthesis system (LI-6400, Li-Cor, Inc) between 
10:00 am and 14:00 pm on clear days. The temperature inside 
the chamber was adjusted to the outside temperature (Tair) 
based on an external sensor attached to the chamber. Ambient 
light levels (photon photosynthetic flux density, PPFD) were 
also monitored using a cuvette-mounted sensor at the loca-
tion of the gas-exchange measurements. The minimum time 
allowed for reading stabilization at each level of PPFD was 
120 s, and the maximum time for saving each reading was 
150 s. A flow rate of 500 μmol s-1 and a maximum coefficient 
of variation (C.V.) of 1% were used. Net photosynthesis (A) 
was measured as a function of PPFD inside the cuvette based 
on the following levels: 1500, 2000, 1800, 1600, 1400, 1200, 
1000, 500, 300, 200, 100, 50, 20 and 0 μmol m-2 s-1. The 1500 
μmol m-2 s-1 light level was measured prior to the 2000 μmol 
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m-2 s-1 level because it is generally recommended to prepare 
the chamber for light-response curves in C3 plants at 1500 
μmol m-2 s-1 (Li-Cor, Inc., 2003). Photosynthetic parameters 
were estimated from each light-response curve by fitting a 
linear regression line between the 0 and 200 μmol m-2 s-1 illu-
mination intensity, with light compensation point (LCP, μmol 
photons m-2 s-1) determined when y = 0, dark respiration rate 
(Rd, μmol CO2 m-2 s-1) determined when x = 0, and apparent 
quantum efficiency (AQE, μmol CO2 μmol -1 photons) de-
termined as the slope of the line. Light-saturated maximum 
photosynthesis (Amax, μmol m-2 s-1) was measured based on 
the PPFD level with the highest A along each response curve. 
Leaves sampled for each species were measured for mid-
day leaf water potential (Ψmd) in September 2010, January 
and June 2011 to determine water stress (PHψPROTM Water 
Potential System, Wesco, Inc.) for seasonal variation. 
Statistical analysis
All results are shown as means ± SE. We used One-way 
ANOVA to determine the effects of R. tomentosa treatment 
(RT), D. dichotoma treatment (DT) and open treatment (OT) 
on seedling survival, growth, photosynthetic performances, 
leaf water potential and biomass of the target species. To ex-
amine the species effect, treatment effect and species × treat-
ment effects on the soil conditions, two-way analyses of vari-
ance (ANOVAS) were performed; the species and treatments 
were considered as independent variables while the soil con-
ditions were considered as dependent variables. To determine 
the relationships between survival and growth of seedling 
and environmental factors, canonical redundancy analyses 
(RDA) (Lepš and Šmilauer 2003) was used. All data were 
log-, square root- or arcsine- transformed when necessary to 
meet the assumptions of the respective analyses. All analyses 
and drawing were performed using SPSS 13.0, SIGMAPLOT 
10.0 and CANOCO 4.5 for windows. 
Results 
The survival of the seedlings of the six target species was 
50-100% for all plots. The highest seedling mortality occurred 
during the first three to five months after transplantation. The 
shelter of D. dichotoma decreased the survival rate of P. mas-
soniana in the OT and DT (P < 0.05). For S. wallichii, the 
survival rate of the seedlings in OT, DT and RT was 56.8%, 
62.2% and 53.1%, respectively. There were no significant dif-
ferences in the survival rate of S. wallichii among the three 
treatments. The Castanopsis hystrix seedlings had the high-
est survival rate (94.8-100%) among the examined species 
for the three treatments. The survival rates of S. heptaphylla 
seedlings in OT, DT and RT were 62.2%, 79.9 and 82.2% 
respectively. In addition, the survival rate in OT was high-
er compared to DT and RT before 28th March; thereafter, it 
suddenly dropped by 30%. The survival rate of Cryptocarya 
chinensis seedlings was 78.7-87.2% for all plots. Compared 
with the other five species, Castanea chinensis seedlings had 
the lowest survival rate (50-65.5%) and the highest mortality 
occurred in the first few months after transplantation (Fig. 1).
Generally, compared with the initial levels, the shoot 
height increased by 4, 2, 2, 1.3, 0.8 and 1 time for P. mas-
soniana, S. wallichii, S. heptaphylla, C. hystrix, Cryptocarya 
chinensis and Castanea chinensis seedlings respectively. 
The growth of S. wallichii was significantly affected by the 
treatments and the height of the seedlings in the DT and RT 
were much higher compared to OT treatment (P < 0.05). The 
height of S. heptaphylla seedlings in DT and RT reached 57.4 
and 45.3 cm respectively, and they were 1.6 and 1.3 times 
taller compared to OT treatment, respectively. The Castanea 
chinensis seedlings in the RT were significantly taller than in 
Figure 1. Survival of the six target species seedlings under different treatments with time (vertical bars represent standard errors - SE).
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Fig. 1 Survival of the six target species seedlings under different treatments with time (vertical bars represent standard errors - SE).
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the DT (P = 0.034), but there were no significant differences 
between the heights in the OT and RT or OT and DT treat-
ments. Cryptocarya chinensis seedlings were significantly 
taller in the DT compared to the OT (P = 0.050). The height 
of Pinus massoniana seedlings in OT, DT and RT showed no 
significant differences, however, the highest average height 
occurred in the OT (Fig. 2).
The results showed that the RNE of seedling height was 
affected by the treatment and that the effect of nurse plants 
on the target plants varied over time. The seedling height of 
P. massoniana and C. hystrix showed negative effect in DT 
and RT during the entire survey period. For S. wallichii and 
Cryptocarya chinensis, DT and RT both facilitated the early 
growth of the seedlings and their positive effects became 
more significant with time. For the S. heptaphylla seedlings, 
the interactions between the nurse species and target spe-
cies were complex; DT facilitated growth but RT inhibited 
growth. In addition, the positive effect became more signifi-
cant in the DT plot, while the negative effects of RT became 
weaker over time. For the Castanea chinensis seedlings, there 
was a weak negative effect on growth in the DT plots and an 
enhanced positive effect on growth in the RT plots (Fig. 3).
Micro-environments 
For all six target species, radiation was significantly low-
er in DT and RT compared to OT (Table 1b). The radiation re-
corded in RT and DT was 81.3% and 72.2% lower compared 
to OT. Thus, in general, the DT canopy diminished radiation 
reaching the soil surface to a greater extent compared to the 
RT canopy (Table 1b). ANOVA results showed that species, 
treatments and species × treatment had significant effects on 
the majority of soil physicochemical properties except for 
Total P, Available P and soil bulk density (Table 1a). There 
were no significant differences in soil characters with or with-
out the treatments before the planting (P ＞ 0.05). Soil nu-
trients tended to be improved by the shrub canopies or the 
practice of planting the native species except for S. wallichii. 
Overall, the microhabtitats beneath the nurse species cano-
pies were markedly different from the open treatment with 
respect to soil properties and radiation. Based on the statis-
tics, planting of the seedlings of S. wallichii and Cryptocarya 
chinensis also improved the soil nutrients (except for avail-
able P) of the OT by a greater extent than other seedlings (df 
= 17, P = 0.000).
Seedling leaf gas exchange and water potential 
There were no differences in gas exchange variables 
among the treatments (LCP, Rd and AQY), but LSP (F = 3.773, 
P = 0.030) and Amax (F = 3.409, P = 0.041) differed (e.g. LSP 
and Amax were higher in OT than in DT and RT for most spe-
cies). Significant differences in each gas exchange characteris-
tics [LSP (F = 6.674, P = 0.000), LCP (F = 8.350, P = 0.000), 
Rd (F = 6.386, P = 0.000), AQY (F = 3.015, P = 0.017) and Amax 
(F = 5.896, P = 0.000)] were found among the species. The 
differences in these variables also showed species × treatment 
interactions (LSP, F = 4.646, P = 0.000; LCP, F = 5.077, P = 
0.000; Rd, F = 3.431, P = 0.001; AQY, F = 2.670, P = 0.007; 
Amax, F = 4.832, P = 0.001). For example, P. massoniana, S. 
heptaphylla, and S. wallichii had higher LSP, LCP and Amax 
compared to Cryptocarya chinensis and C. hystrix (Table 2). 
Leaf water potential varied similarly among the species for 
the different treatments over time. The results showed that the 
leaf water potential of all the species were lowest at the early 
stage and significantly increased over time (Fig. 4). There were 
also no treatment differences in water potential at the different 
growth stages for each species (Fig. 4).
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Fig. 2 Growth of the six target species seedlings under different treatments with time (vertical bars represent standard errors - SE).
Figure 2. Growth of the six target species seedlings under different treatments with time (vertical bars represent standard errors - SE).
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The relationship between environmental factors and seedling 
survival and growth
The RDA model indicated that seedling survival rates 
of P. massoniana, S. wallichii, C. hystrix, S. heptaphylla, 
Cryptocarya chinensis and Castanea chinensis were strongly 
and positively correlated with SOM and RA, total N, total P, 
SWC and SOM, pH and RA, and SWC and SBD respectively 
(Fig. 5). Furthermore, the soil properties, such as SWC, pH, 
total N, total P, and SBD, were strongly and positively cor-
related with the height of all target seedlings. The strongest 
positive factors affecting the biomass were RA for P. mas-
soniana, C. hystrix and S. heptaphylla, SBD for S. wallichii 
and AK for Cryptocarya chinensis, and total P was a negative 
factor affecting the biomass of Castanea chinensis.
Discussion 
Early successional species can play a key role in deter-
mining community assembly and successional trajectories. 
These roles are however strongly influenced by their interac-
tions with other plant species (Callaway and Walker 1997). 
Overall, our results indicate that the effects of canopy treat-
ments on seedling survival and growth were complex for 
the different target species. The survival rate was obviously 
lower for canopy treatments compared to OT plots in four out 
of the six species tested, while two of the six species showed 
positive effects of canopy on survival. R. tomentosa treatment 
had greater positive effects on survival compared to D. dicho-
toma treatment. This is probably because the dense canopy 
of the fern D. dichotoma is larger than that of R. tomento-
sa, (Table 1b). Several studies have shown that dense ferns 
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Fig. 3 The relative neighbor effect index (RNE) of the shoot height of the six object species in the 
DT and RT plots after the first summer (shadow) and the second summer (open) in the field plots. 
Figure 3. The relative neighbor effect index (RNE) of the shoot height of the six object species in the DT and RT plots after the first 
summer (shadow) and the second summer (open) in the field plots. The range in boxplots indicated the dispersion degree and deviation 
and the black points indicated the abnormal values for the RNE. When the RNE < 0 showed the effect of the nurse plant on the target 
species was positive (RNE < 0) or the RNE > 0 th  effect was neg tive.
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stands decreased both forb and woody plants richness com-
pared to their removal, thereby inhibiting forest development. 
However, early successional woody plants in combination 
with tree ferns decreased species richness and cover of forbs 
but increased the richness of late-successional woody plants 
compared to their removal thereby facilitating long-term for-
est development (Walker et al. 2010, Walker et al. 1996). The 
negative effect of ferns may be due to rapid uptake and slow 
recycling of nutrients as well as the inhibition of tree seed-
ling survival (Drake and Pratt 2001). Facilitative effects were 
also found, such as the negative RNE of seedling height in 
the RT and DT for most target species (Fig. 3). This leads 
us to conclude that under degraded moist conditions, such as 
the field sites in this study, the canopy treatment alone did 
Table 1. (a) Results of two-way ANOVA of the mean of the effect of species, treatment and species × treatments on soil properties. 
Significance values, P < 0.05, in bold. (b) The statistics result of radiation among different species and treatments. Significant values, 
P < 0.05, in bold.        
 (a)
ANOVA, source of variation Species Treatment Species × treatment
pH df 5 2 10
F 15.883 25.708 1.841
P 0.000 0.000 0.088
Soil organic matter (SOM)/Soil organic carbon (SOC) df 5 2 10
F 8.620 14.270 4.419
P 0.000 0.004 0.000
Total Nitrogen (Total N) df 5 2 10
F 14.436 13.348 5.566
P 0.000 0.000 0.000
Total Phosphorus (Total P) df 5 2 10
F 1.230 1.194 0.962
P 0.315 0.315 0.492
Total Potassium (Total K) df 5 2 10
F 24.380 3.423 5.728
P 0.000 0.044 0.000
Available Phosphorus ( Available P) df 5 2 10
F 2.243 2.802 0.495
P 0.071 0.074 0.882
Available  Potassium ( Available K) df 5 2 10
F 1.824 6.692 1.284
P 0.133 0.003 0.276
df 5 2 10
Soil water content  (SWC) F 125.02 66.648 15.989
P 0.000 0.000 0.000
Soil bulk density (SBD) df 5 2 10
F 1.322 1.732 1.392
P 0.277 0.191 0.233
 (b) 
OT DT RT df F P
P. massoniana 838.7±9.2a 129.4±9.7c 201.7±10.9b 161 321.7 0.000
S. wallichii 540.4±25.0a 88.3±8.4c 213.0±23.9b 162 126.0 0.000
C. hystrix 672.0±20.4a 138.0±8.3c 216.4±17.1b 162 183.7 0.000
S. heptaphylla 739.1±12.2a 131.9±8.3b 157.6±10.6b 161 666.9 0.000
Cryptocarya chinensis 535.6±22.2a 146.0±12.6b 129.5±7.6b 164 105.7 0.000
Castanea chinensis 679.1±26.1a 105.2±7.8c 181.0±12.7b 161 171.3 0.000
Notes: RT=R. tomentosa treatment, DT=D. dichotoma treatment , OT = open treatment 
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not ensure the survival of all the seedlings, as other species 
seedlings were found when using the similar canopy treat-
ment provided by the same shrubs in a nearby area (Yang 
et al. 2010). From January to March 2011, although we did 
observe some browsed shoots, particularly in the OT plots, 
the dense canopy shelters, especially the fern D. dichotoma, 
Table 2. The leaf gas exchange characteristics dark respiration (Rd), apparent quantum yield (AQY), the maximum photosynthetic rate 
(Amax), light compensation point (LCP) and light saturation point (LSP) of the six species seedlings
Species Treatments
RD 
(ΜMOL M-2 
S-1)
AQY
AMAX
(ΜMOL M-2 
S-1)
LCP
(ΜMOL M-2 
S-1)
LSP
(ΜMOL M-2 S-1)
P. massoniana OT -3.0±0.7 0.037±0.01 18.0±5.7 112.6±35.2 2340.6±68.0
DT -1.9±0.2 0.048±0.01 8.0±1.5 57.0±15.7 958.6±340.0
RT -1.7±0.3 0.051±0.01 7.89±1.1 47.2±7.4 1032.3±152.5
S. wallichii OT -1.1±0.2 0.06±0.01 9±0.21 24.0±4 903.4±152.9
DT -1.3±0.22 0.07±0.03 8.0±1.4 13.3±1.3 803.5±230.9
RT -0.73±0.11 0.02±0.01 7.5±0.6 13.33±9.6 634.35±250.0
C. hystrix OT -1.7±0.2 0.1±0.04 6.4±0.6 32±4 642. 6±111.4
DT -0.6±0.08 0.05±0 4.5±1.3 13.3±1.3 462. 6±165.3
RT -1.2±0.2 0.04±0.02 2.8±0.7 46.7±10.9 297.2±85.9
S. heptaphylla OT -1.3±0.2 0.05±0 12.8±1.3 34.7±7.1 1356.7±153.0
DT -1.9±0.3 0.24±0.19 11.8±1.8 14.7±1.3 1179.4±192.4
RT -1.1±0.2 0.06±0.01 11.3±0.6 22.6±3.5 1242.0±122.1
Cryptocarya 
chinensis
OT -0.8±0.1 0.13±0.07 5.7±2.0 10.7±2.7 477. 3±164.0
DT -0.8±0.2 0.11±0.04 3.9±0.3 6.7±2.7 295.8±45.5
RT -0.7±0.2 0.06±0.01 6.6±1.0 13.3±1.3 551.9±97.9
Castanea chinensis OT -2.0±0.9 0.09±0.02 6.76±1.2 28±3.7 898±268.5
DT -0.78±0.1 0.03±0.01 1.51±0.12 41.33±17.5 169.8±46.7
RT -1.54±0.7 0.07±0.03 9.45±1.5 14.7±8.1 606.4±212.7
Notes: RT=R. tomentosa treatment, DT=D. dichotoma treatment, OT = open treatment 
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Fig. 4 The leaf water potential changes of seedlings with time. Note that for P. massoniana, the leaf water potential was not measured due to practical reasons (i.e., 
conifer leaves are too small). 
Figure 4. The leaf water potential changes of seedlings with time. Note that for P. massoniana, the leaf water potential was not measured 
due to practical reasons (i.e., conifer leaves are too small). Letters A, B and C indicate the differences of the leaf water potential between 
the different growth stage with the same treatment, a, b and c indicate the differences of the leaf water potential between the different 
treatments in the same growth stage.
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prevented rodents from feeding on the protected seedlings, 
even though we did not record levels of herbivory explicitly. 
S. heptaphylla and Cryptocarya chinensis were more protect-
ed from browsers in the DT compared with the RT and OT 
plots. These findings are in agreement with previous reports 
of indirect facilitation and its effects on plant communities 
in arid or semi-arid pastures or other ecosystems (Anthelmea 
and Michalet 2009, Oesterheld and Oyarzabal 2004, Smit et 
al. 2006). Thus, both species canopy treatments showed obvi-
ous beneficial effects on the growth of seedlings for most of 
the species. 
Based on these experiments, we found that the irradiation 
and soil characteristics beneath the shrubs and ferns signifi-
cantly differed from those in adjacent shrub-free and fern-free 
areas. We hypothesize that the shrubs and ferns were direct-
ly or indirectly responsible for the patterns detected in our 
study, and previous studies strongly supports this conclusion. 
Shrubs are well known to create distinct physical environ-
ments beneath their canopies, which, in turn, change irradia-
tion, litter and soil characteristics (Callaway 1995, Holzapfel 
et al. 2006, Pugnaire et al. 1996, 2004, Scholes and Archer 
1997, Shachak et al. 2008, Wright et al. 2006). The trans-
mission of PAR to the ground surface remained consistently 
higher upon fern removal compared to the control plots, and 
this also could impact succession through the diminution of 
light levels (Walker et al. 2010). Our experiments reflected a 
decrease in light or irradiance, as a treatment effect, in both 
DT and RT plots (Table 1b). Several studies have shown that 
ferns are capable of extensively accumulating nutrients and 
are disproportional to their biomass (Drake and Pratt 2001, 
Russell et al. 1998), while their lignin-rich litter is often slow 
to decompose. In addition, they reduce nutrient loss by pre-
venting soil erosion (Walker and Shiels 2008); hence they 
can serve as nutrient sinks for the ecosystem (Shiels et al. 
2006, Walker et al. 2010). In our study, soils in the DT and OT 
plots had higher nutrient levels compared to OT plots, except 
for Total Phosphorus, Available P and soil bulk density. The 
planting of seedlings of S. wallichii and Cryptocarya chinen-
sis also improved the soil nutrients in the OT plots (Table 1a). 
However, this observation needs further investigation. 
In tropical or subtropical forests, irradiance is considered 
to be “the most limiting effect” (Pearcy 2007). However, 
our results showed that irradiation, soil nutrients and water 
content all had positive effects on the survival and growth of 
seedlings. This is consistent with a previous study conduct-
ed by Holste et al. (2011) which stated that the survival and 
growth of 45% of 94 seedling species were correlated with 
both irradiance and soil nutrients, 48% with soil nutrients, 
and rarely with irradiance alone. In our study, the survival 
and biomass of the light–demanding species P. massoniana, 
C. hystrix and S. heptaphylla were positively affected by ir-
radiation. In addition, the survival and growth of other shade 
tolerant species correlated with at least one soil characteris-
tics, and several soil nutrients had similar potential effects 
as irradiance. These species seedlings growing in low light 
levels may benefit from increased nutrient availability by in-
creasing the light capture (Fahey et al. 1998). The leaf water 
potential results of seedlings showed that the seedlings suf-
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Fig. 5 Canonical redundancy (RDA) bi-plots illustrating the effects of environmental factors on survival and growth (Height, aboveground biomass and root biomass) 
of the six target seedlings. Red arrows indicate explanatory variables (environmental factors), while blue arrows indicate response variables for seedling survival and 
Figure 5. Canonical redundancy (RDA) bi-plots illustrating the effects of environmental factors on survival and growth (height, above-
ground biomass and root biomass) of the six targe  seedlings. Red arrows indicate expl n tory variables (environm ntal factors), while 
blue arrows indicate response variables for seedling survival and growth. 
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fered water stress at the initial stage (Fig. 4) due to the short 
drought in fall in our experimental sites. Thus, the canopy 
treatment may provide the optimal conditions for seedlings 
as it may contribute to maintaining soil moisture in open sites 
without imposing a severe low-light stress that restricts plant 
response to other potential stress (Rodríguez-Calcerrada et 
al. 2008). Plants’ growth response to resources may be an 
important mechanism that influences species’ distribution, 
coexistence, and community structure (Holste et al. 2011). 
The growth of both light demanding (most early and mid-
dle successional species) and shade-tolerant (most late suc-
cessional species) seedlings respond to soil nutrients under 
high-light availability (Lawrence 2003), likely because faster 
growth increases demand for nutrients (Peace and Grubb 
1982). Furthermore, the lower resource demand among 
shade-tolerant species may be a result of (1) greater seed nu-
trient reserves and/or (2) slower growth rates (Holste et al. 
2011). In our study, the early successional species (such as P. 
massoniana and S. wallichii) showed higher gas exchanges 
and faster growth rates, while the later successional species 
showed lower gas exchange and slower growth rates (such 
as Cryptocarya chinensis and Castanea chinensis) (Fig. 1 & 
Table 2). Additionally, the former species had smaller seed 
masses, while the later species had larger seed masses (Ren 
et al. 2010). However, the shade-tolerant species in this study 
tended to grow more slowly, and thus, would have lower de-
mand for nutrient incorporation into new tissues. Our results 
are consistent with a broader trade-off between low-resource 
survival and high-resource growth (Kobe 1999, Kobe et al. 
1995, Russo et al. 2008).
Predicting the seedling growth rate of the different can-
opy treatments under field conditions is important to under-
stand forest succession and restoration. Although irradiance 
has been regarded as the primary determinant for seedling 
growth in wet tropical forests, soil nutrients are equally im-
portant. Our findings suggest that both canopy treatments en-
hanced seedling survival and growth consistently for most of 
the species planted in these moist sites. Fertile and moist soils 
occur underneath living nurse plants; hence, the conjunction 
of sheltered and fertile wet soils under the canopy of nurse 
plants may result in enhanced seedling survival and growth 
when compared to open sites. Despite these target species be-
ing well-adapted to the native climate, their seedlings may 
suffer from temporary water stress owing to the seasonally 
drought and browsing by rodents. The dense canopy of D. di-
chotoma may also act as an indirect nurse species protecting 
seedlings from damage. Different successional species can 
ensure their survival and growth with different physiological 
strategies to varying micro-habitats. Thus, the use of these 
tree shelter-types in similar environments should be recon-
sidered, especially under the present global weather change 
scenarios that have created drier conditions. They have been 
proven to largely contribute to the enhancement of seedling 
survival and growth, but often account for a significant pro-
portion of the restoration budget. It is not surprising that ferns 
act as key nurse plants in these systems, given their rapid dis-
persal, tolerance for a variety of environmental conditions, 
competitiveness in utilizing available resources, and their 
indirect facilitation to late successional species, which may 
have been ignored in previous studies. Long-term observa-
tions and manipulations of succession will help identify criti-
cal steps in vegetation development and forest succession.
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